Nechanistic models have been developed for particle and vapor deposition on the blades of coalfired gas turbines. The particle deposition models include the simultaneous contribution of Brownian
and turbulent diffusion, thermophoresis, eddy impaction, and inertial impingement. The diffusive mechanisms have been validated against experimental data for low-speed cascade flow and particle-laden flow through pipes. The inertial deposition treatment is shown to collapse to the well-known expression for particle capture in a flow turning around a bend. A method is presented for calculating Na 2 SO 4 and K2SO4 vapor deposition on cooled blades. Scaling laws are formulated for estimating the contribution of boundary layer homogeneous and heterogeneous nucleation mechanisms for highly cooled turbine blades. Previous attempts to directly coal-fire a gas turbine were mired with operational difficulties due to turbine erosion, corrosion, and fouling which led to projections of limited turbine lifetimes. The renewed interest in the technology has been kindled by recent advances in corrosion resistant metal alloys, blade cooling techniques, coal preparation (grinding and cleaning), and coal gasification [1] . The selection of target fuel specification for beneficiated coal, gas cleanup concepts for the gasification system and turbine operating temperatures is dictated by the relationship between the coal ash contaminants, operating temperatures, and the resulting rates of turbine deposition, erosion, and corrosion (DEC). The work presented here is a part of a comprehensive program to develop analytical models for establishing the relationship between the contaminants and DEC and for assessing the influence of operating variables such as coal cleaning, slurry composition, turbine inlet temperature, and blade cooling on the performance of coalfired gas turbines.
The development of analytical models has been predicated on the understanding of mineral matter behavior summarized in Fig. 1 . During combustion of beneficiated coal, a fraction of ash vaporizes and condenses in the cooler section of the combustor to form ash fumes. In early stages of combustion, the Fig. 1 Transformation, transport and deposition of mineral matter in a coal combustion system. alkali species, organic sulfur, and pyritic sulfur are released; the extent of release depends upon the combustion temperature and the mineralogy of beneficiated coal. The remaining ash inclusions in coal fuse together to form flyash whose size may be larger than expected from experience with pulverized coal combustion due to agglomeration of coal particles within a coal-water mixture droplet.
Within the combustor and transition section, hydroxides and chlorides are the dominant form of alkali species susceptible to adsorption on the ash fumes and flyash. The amount adsorbed is expected to be small because of limited residence time in an integral gas-turbine combustor. Near the dew point of alkali sulfates, determined by the concentrations of Na, K, Cl, H 2O and S, alkali hydroxides and chlorides are converted to sulfates. Below the dew point, the alkali sulfates may condense on the suspended particles or alternatively through selfnucleation. The possibility of the latter route is heightened by the high cooling rate, of the order of 10 5 -10 6 K/s representative of gas turbine operation, producing large supersaturations which drive the homogeneous nucleation process [2] . Various aerosols, ash fumes, alkali sulfates and flyash, may also agglomerate resulting in a spectrum of particles with different compositions. Upstream of the nucleation front, alkali sulfate vapor may condense directly upon the blade surface.
Both particle and vapor deposition mechanisms operate in transporting the alkali and ash constituents to the blade surfaces. The nucleated particles, ash fumes and alkali sulfate aerosols, are typically submicrometer in size (mass mean diameter < 0.1 pm) and conducive to deposition by Brownian diffusion and thermophoresis. Even for a small temperature difference between the gas and surface as expected for an uncooled blade, thermophoretic transport dominates over Brownian diffu-sion.
Flyash particles, 1 to 10 pm in diameter, arrive at the pressure surface primarily by inertial impingement and on the suction surface by turbulent eddy impaction. We identify turbine corrosion with the arrival of alkali sulfates through vapor deposition and thermophoresis, erosion with inertial impingement of flyash, and fouling with inertial/ eddy impaction of fly ash and Brownian/thermophoretic deposition of ash fumes. Arrival of alkali sulfates or appearance of blade corrosion products as melt phase is thought to provide the "glue" for deposit buildup.
Consistent with the above understanding, analytical models have been developed to describe the phenomena indicated in Fig. 1 . The models may be classified in three categories:
• behavior of mineral matter in coal combustion, • condensation of refractory oxide vapor and alkali sulfates, and • deposition of particles/vapor on pressure/ suction surfaces of turbine blades. The first two models dealing with mineral matter vaporization and subsequent condensation to form particulates have been described in Refs. [1] and [2] .
This work describes the development and validation of the deposition models.
The readers may consult Refs. [3] and [4] for a review of past literature on Brownian, eddy, and inertial deposition of particles on turbine blades.
DIFFUSIVE PARTICLE DEPOSITION
Consider the tranport of particles in a twodimensional compressible flow field of a gas turbine.
We confine our attention to particles small enough to follow the gas streamlines.
The size requirement is satisfied if the Stokes number of the particles is much less than unity:
where L is the characteristic dimension of the object, and Cn, the Cunningham correction factor, accounts for the slip between the particles and gas molecules when the particle size becomes of the same order as the mean free path. Cn = 1 + Kn [1.257 + 0.40 exp(-1.1/Kn)] Kn = X/r For typical gas turbine applications, the particle loading is small (of the order of parts per million) and does not affect the fluid transport properties or the flow field. Under these conditions, the following is the conservation equation of the particles under normal boundary layer approximation. In the foregoing, wi th accounts for the additional particle drift due to thermophoresis. The gas velocities u and v appearing in Eq. (2) are to be determined by solving the appropriate gas dynamic equations. The numerical solution of the conservation equations is facilitated by using the Von Mises transformation. Numerical algorithm for solving the transformed equations is standard and described elsewhere [5] . The boundary conditions for n are specified free-stream concentration and vanishing n at a perfectly absorbing (sticky) wall.
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In general the particle Schmidt number is much greater than unity making the particle boundary layer much thinner than the momentum and thermal counterparts. This requires that the grid points be spaced closely near the surface in order to properly resolve the sharp gradients of n. The computation of particle flux at the surface, which is directly proportional to this gradient, may suffer inaccuracy for this reason. An alternate method of computing the flux is to locate the first grid point sufficiently close to the wall rendering the convection effects negligible. Within the first grid point then, the particle flux is a constant given by the following equation. v th n W -P
Particle Diffusion
In a laminar stream, the particle diffusivity is identical with the Brownian diffusivity (D B ) given by the Stokes-Einstein equation.
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In a turbulent stream, the effective diffusivity of the particles equals the sum of the Brownian and turbulent diffusivities. One may define particle Schmidt number as the ratio of the fluid to particle eddy diffusivity.
For boundary layer flows, several formulations are available for estimating the fluid eddy viscosity [5] . The particle Schmidt number is a more complex quantity and has received much less attention. We extract the Sc information from Tchen's analysis, as summarized' in hinze [6] , which is strictly valid for a homogeneous turbulence field --a condition readily violated in a wall boundary layer. The justification is that Sc turns out to he a function of the ratio of the time scales of turbulent energy containing eddies and particle relaxation due to viscous effects, and thus lends itself to generalization. In the proper limit of interest [7] 1
In the Stokes limit, the particle relaxation time is 2 p p r2Cn
The symbol T f denotes the turbulence time scale and is of the order of the characteristic fluctuation time of the energy-containing eddies. For boundary layer flow, we identify it with a single value appropriate for the buffer layer [7] .
is the shear velocity. It is useful to note that Eq. (5) assumes the correct form in the two extreme limiting cases. One expects that small and light particles will faithfully follow the turbulent fluctuations and have diffusivity identical to the eddy viscosity of the gas. Consistent with this expectation, Eq. (5) gives D t approaching v t for T p /T f <<1. On the other hand, large and heavy particles are not expected to respond to turbulent fluctuations and to have small diffusivity. Equation (5) displays the proper behavior in this limit also; it gives D t /v t +0 for T P /T f "I.
Thermophoresis
A particle suspended in a gas with an imposed temperature gradient experiences a thermal force producing motion directed toward lower temperature. The magnitude of the thermophoretic velocity depends strongly upon the Knudsen number of the particle and is directly proportional to the temperature gradient. In the free molecular limit, Kn>>1, it is given by the following wall-accepted formula [8] .
Many analyses are available for estimating thermophoretic velocity in the limit of small Knudsen numbers, Kn < 0.1. They tend to become increasingly inaccurate as Kn increases. Much less theoretical or experimental information is available in the transition regime, Kn = 0(1). Springer [8] has proposed the following simple formula for evaluating the thermophoretic velocity over the entire particle Knudsen number range, from free molecular (Kn + w) to continuum (Kn + 0) regimes. wi th wi th 1 + f(Kn)
In the foregoing, f is an interpolation formula.
where a is the ratio of gas to particle thermal conductivity, and C t and Cm are constants associated with the slip and temperature jump coefficients, respectively. The recommended values are C t = 3.32 and C m = 1.0. Note that as Kn + f + 0, and with approaches wit h as it should.
Springer [8] has observed a reasonable agreement between the interpolation formula and experimental measurements for a wide range of Knudsen numbers (Kn = 0.05 -4.0) and gas to particle thermal conductivity ratios (a = 0.0022 -0.133) in monatomic and diatomic mediums.
Eddy Impaction
Much of the diffusional resistance to particle transport in a turbulent field is presented by the laminar sublayer. Particles of certain size may bypass this resistance by coasting through the laminar sublayer. The initial momentum for the free flight is supplied by the turbulent fluctuations. Consider that a momentum m v a is imparted to a particle. The distance, termed stopping distance by Friedlander and Johnston [9] , the particle travels before coming to a halt is vthy
The foregoing treatment is inapplicable when eddy impaction is involved and must be modified as described later.
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where b is the thickness of the buffer layer and u *
Because of the rapid decay of turbulent fluctuations in the sublayer, only those particles with va imparted to them by turbulence before reaching the laminar sublayer, such that v a > 9./T will arrive at the wall. The inequality shows that P the smaller the particle (T f, a r 2 ), the greater is the va required for deposition at the wall. Hinze has offered an equation that relaces the rms radial particulate velocity, va , at S with the rms fluctuation of the fluid (y;) and the particle Schmidt number [7] .
The relevant Schmidt number is one valid for particle residence time smaller than T f or T p .
For convenience, we evaluate v a at i rather than S and approximate v!t. as 0.9u * .
The free-flight boundary condition due to eddy impaction is implemented at y = S:
v th n = v a n A search is performed to locate the two adjacent grid points i and i+1 within which y = S lies. Then, backward differencing method is used to relate n at grid points i and i+1.
Experimental Validation
There is limited, well-instrumented experimental data applicable to particle deposition on cascades. Some useful data have been obtained in the Wet Steam Laboratory [10, 11, 12] at the University of Liverpool, U. K., and two sets have been selected for comparing the accuracy of the models. The cascade geometry is described in a paper by Parker and Ryley [10] . The flow is relatively lowspeed, the maximum discharge velocity approximately 70 m/s. The first set of data, obtained by Parker and Lee [11] , is for isothermal flow and particles of different sizes generated from fluorescein solution. The surface velocities as measured in the experiment have been used in the model for calculating deposition. The boundary layer on the pressure side is calculated (as observed) to remain laminar but turns turbulent at approximately midchord distance on the suction side. The observed deposition pattern was uniform on the two surfaces demonstrating the absence of inertial effects and dominance of diffusional mechanism. Figure 2 shows an excellent agreement between calculated and measured deposition flux expressed as percentage of aerosols passing through the blade passage in a zone 1 pitch wide by 1 cm deep. The deposition mechanism was determined to be (laminar) Brownian diffusion on the pressure surface and combined Brownian and turbulent diffusion on the suction surface. The particle size spectrum was divided into twenty size bins in these calculations. For the largest particle size in the spectrum, turbulent diffusion was calculated to dominate over eddy impaction.
The underprediction of deposition at the trailing edge of the suction surface for the largest size particles used in the experiment (d m, = 0.24 um) may he attributed to the effect of free stream turbulence on the boundary layer structure. The eddy viscosity hypothesis used for modeling turbulent transport properties does not explicitly include this effect. Experiments were conducted with three levels of turbulence intensity, 2.2E, 14%, and 22E.
The results reported in Fig. 2 are for minimum turbulence level. Interestingly, the turbulence level was observed to enhance the deposition of the small particles without influencing the largest particles.
This must imply that the response frequency of the largest particles (u = 1/T) is smaller than the p p turbulence frequency of the energy containing eddies
The second set of experiments was conducted by heating the blade surface [12] . The resulting temperature gradient in the thermal boundary layer produces a thermophoretic force which drives the particles away from the surface and impedes deposition. The experiments were conducted by varying the inlet velocity to the cascade and the mass median diameters of particles The nominal heat flux was 600 W/m 2 and the ambient temperature 294 K. it produced a blade temperature profile which peaked at about 321 K corresponding to inlet cascade velocity of 13 m/s and declined toward the unheated trailing edge. Figure 3 shows the comparison between the calculated and measured reduction in Brownian deposition due to blade heating. A reasonable match between the theory and experiments is observed: the theory consistently overpredicts the percentage reduction in the laminar portion of the flow. Ryley and Davis [12] report a better comparison by using a simpler formulation of thermophoretic deposition.
They employ a different expression for thermophoretic velocity which does not have the Cunningham correction term and therefore underpredicts the magnitude. It also conflicts with the well-known experimental/theoretical observation by giving particle size dependent wi th in the free molecular regime. An exploratory calculation was done by using their wrong expression for v th in the exact model. A much better agreement was obtained in the laminar portion but the approach is obviously indefensible.
The "exact" deposition model, described in the last section, does not naturally couple with the nucleation code [1] because it represents a twodimensional boundary layer treatment whereas the latter assumes the flow field to be one-dimensional. For the purpose of coupling, a simplified deposition model has been developed by dropping the explicit convection terms in Eq. (2) which enter subsequently through the boundary conditions. Within this approximation, one postulates a constant particle flux across the boundary layer. 
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Simplified Deposition Model
The particle boundary layer thickness may be estimated from the analogy between particle and thermal (no viscous dissipation) transport equations.
Note from Eq. (13) that since Sc >>1 for particles larger than 0.5 PM suspended in a combustion gas, the particle boundary layer is contained well within the thermal counterpart. For a turbulent stream, some additional assumptions are required in order to effect a closedform integratation of the flux equation.
We first divide the boundary layer into two regimes:
sublayer and buffer region.
Thermophoresis is assumed to act within the viscous sublayer only.
It is considered negligible in the buffer region because (a) the driving temperature gradient is small, and (b) the turbulent eddies are more effective in transporting the particles.
The diffusional resistance outside the laminar sublayer is neglected. For particles that deposit by thermophoresis or Brownian diffusion, the turbulent Schmidt number is assumed to be unity.
This assumption is inappropriate for larger particles but they are likely to deposit by a different mechanism anyway (namely, eddy impaction). Within this framework then [13] ,
ay -v th n y S t (15) In the foregoing, the superscript '+' denotes nondimensionalization with respect to the characteristic length v/u".; the contribution of Brownian diffusivity has been neglected in the buffer region; and the turbulent diffusion is assumed to decay in a cubic fashion in the sublayer. Integrating Eqs. (14) and (15), the following expression for v d may be derived. Using the eddy viscosity hypothesis, one has [7] u * 1 o f = 0.
where S and b have been nondimensionalized with respect to P/u * . The simplified deposition model has been compared against the cascade data discussed in the last section, and the comparison is shown on the same figures.
The model overpredicts the laminar Brownian deposition.
It matches the turbulent Brownian deposition reasonably well and gives a good agreement with the thermophoresis retarded deposition data. Overall, the agreement with the experimental data is quite acceptable.
There is a wealth of experimental data in literature on particle deposition in flow through pipes and representative ones have been selected for further validation of Brownian, thermophoretic, and eddy impaction models. Figure 4 displays the comparison between Brownian/eddy impaction model and the experimental data of Wells and Chamberlain [14] for fully developed turbulent flow in a 2.54-cmdiameter pipe. The measured deposition velocity initially decreases with particle size as is characteristic of Brownian deposition, attains a minimum, and subsequently increases with particle size as eddy impaction comes into play. The 'knee' in deposition curve shifts toward larger particle size as the flow velocity is increased. The analytical model predicts the correct trends and shows excellent agreement in the eddy impaction regime. Figure 5 compares the thermophoretic deposition model calculations against the experimental data of Byers [15] . The experiments were conducted with monosized NaCl particles transported in an air medium through a pipe 0.192 cm in diameter. The measured collection efficiency is shown in Fig. 5 as a function of particle radius for two conditions of pipe length to diameter ratio, inlet gas temperature, and flow rates.
In each case, the flow is fully developed and turbulent.
An excellent agreement is observed between the measured collection efficiency and the model predictions.
INERTIAL DEPOSITION
Inertial impaction is an important erosion and fouling mechanism for the pressure surface of turbine blades. A detailed and exact model of inertial impaction can be formulated in which particle trajectories are computed from the knowledge of blade to blade potential flow field superimposed on the boundary layers [4, 16] . Such a model is useful for the purpose of estimating erosion since it predicts the location, frequency, magnitude and angle of impact as a function of particle size and initial coordinates. From the computational standpoint, it is too tedious and expensive to use in performing combined nucleation and deposition calculations. A simple model of inertial deposition can be constructed by analogy with particle capture around a bend. One may compute the centrifugal acceleration experienced by a particle following a reference curved streamline as u /R where u and R are the local gas velocity and the radius of curvature, respectively. Then, the deposition velocity is simply the product of centrifugal acceleration and the particle response time. Note that analogy has been invoked with heat transfer rather than fluid mechanics because of the extremely high pressure gradients in a gas turbine affcctitr the momentum boundary layers.
According to Eq. (23), no vapor deposition occurs until the surface is cooled below the dew point temperature.
On cooling the surface further, the mass transfer rate increases precipitously because of the exponential dependence of saturation pressure on temperature. Equation (23) becomes invalid if the surface is subcooled, e.g., with watercooled blades, to the point that a portion of the boundary layer attains critical supersaturation leading to the onset of the homogeneous nucleation process [18] . In that case, vapor deposition rate decreases with surface suhcooling but the decrease is compensated by thermophoretic transport of nucleated particles to the cooled surface. It is of interest to determine the extent to which boundary layer nucleation affects the accuracy of Eq. (23) applied to a gas turbine given that the boundary layer is extremely thin (1-5 mm) and the flow velocity is high (300-700 m/s). Figure 6 is a sketch of the physical picture of nucleation in the boundary layer of a subcooled surface. It shows a partial vapor pressure profile characteristic of non-nucleating boundary layers. The profile is established as a result of cooling the surface below the dew point temperature. Also sketched is the saturation vapor pressure profile for prescribed local temperature. It is evident that the region below the point at which the two curves intersect is supersaturated and susceptible to homogeneous nucleation. The boundary layer nucleation flux (W n ) may be estimated from the following integration. which shows that the nucleation effect scales up with the square of the boundary layer thickness. Figure 7 illustrates this effect graphically for Na 2 SO 4 under the simplification that the supersaturation ratio is unaffected by BL nucleation (strictly valid for weakly nucleating boundary layers). The classical nucleation theory has been used for computing r* and J [18] (surface tension of Na 5 SO 4 = 0.20 N/m). The free stream concentration of Na 2 SO 4 vapor is frozen at 3 ppm, temperature at 1450 K, and the system pressure is 8 atm. The nucleation effect shows the expected scale-up with boundary layer thickness and wall temperature. Under typical gas turbine conditions (6<5nm, T w >600 K), its effect on vapor mass transfer is seen to he less than 7Z.
Another phenomenon of potential importance is vapor condensation on seed material, nucleated or foreign particles, within the supersaturated region of the boundary layer. The condensation flux (ti c ) can be estimated from the following double integral.
where ;. is the growth rate given for example by Fuchs interpolation formula [19] . For monosized particles of mass concentration greater than the vapor loading, W e expression simplifies to Once again, W c /W v scales up approximately with the square of the boundary layer thickness except that it is also directly proportional to the aerosol loading and inversely proportional to the aerosol size. Figure 8 illustrates the relative importance of boundary layer condensation for Na 2 SO 4 . Strictly speaking, the results are valid for a weakly condensing boundary layer. The variables, system pressure and free stream concentration/temperature, are assigned the same values as in Fig. 7 . The ordinate has been scaled with respect to seed particle loading in ppm (Y a ) to demonstrate linear dependence of boundary layer condensation on this parameter. Evidently the results are sensitive to the size of the seed particles. For example, for the same particle loading and boundary layer thickness, the condensation effect increases by an order of magnitude if the particle radius is decreased to 0.1 pm from 0.5 pm. The results may also be interpreted for importance of flyash and ash fumes. In an ultra-clean coal-fired gas turbine system, the concentration of flyash in the blade passages may be of the order of 50 ppm and average radius about 0.5 pm. For I = 3 mm, Fig. 8 shows that the vapor mass transfer changes by less than 30% due to boundary layer condensation of Na 2 SO 4 on flyash. Under the same conditions, however, 1 ppm of ash fumes with 0.01 pm average radius will have a 70% effect on vapor mass transfer.
APPLICATION TO GAS TURBINE
For the purpose of illustration, the deposition models are applied to the first-stage nozzle of a commercial-size gas turbine [20] . The nozzle has a turning angle of about 65°, is cooled to 695 K (700°F), and has an inlet temperature of 1367 K (2000°F). The computed surface velocities, skin friction, and Stanton number on the pressure and suction surfaces are shown in Fig. 9 . Laminar to turbulent transition occurs at x/c = 0.03 (c is the blade chord length) on the suction surface. The pressure surface boundary layer remains laminar throughout. Skin friction and Stanton number are observed to vary in a complicated fashion because of the mutually compensating effects of stagnation point, boundary layer growth, laminar to turbulent transition, and extremely high flow acceleration at some locations. Figure 10 displays the variation of deposition velocity on the pressure surface with particle radius at three locations: near leading edge, midchord distance, and trailing edge. Thernophoresis is seen to be the dominant deposition mechanism for small particles and inertial impaction for large particles (negligible contribution of Brownian diffusion).
The deposition velocity initially decreases with particle size as is characteristic of thermophoresis, reaches a plateau as falling thermophoresis is balanced by rising inertial impaction, and rises sharply for particles larger than 0.1 pm radius whose deposition is dominated by the inertial impaction mode. On the suction side, Fig. 11 , deposition velocity of the very small particles transported by thermophoresis (minor contribution of Brownian diffusion) decreases with size. A minimum in deposition velocity is attained at particle radius between 0.05 to 0.1 pm depending on location. It subsequently increases with size as the primary mode changes to turbulent eddy impaction, reaches a maximum between 0.2 and 0.5 pm and drops off because of the inability of larger particles to respond to turbulent fluctuations. The sample calculation illustrates the vastly dissimilar deposition patterns on the pressure and suction surfaces. Computed Na2SO 4 and K 2 SO 4 vapor deposition velocities on the pressure and suction surfaces are shown in Fig. 12 . Note that in order to obtain the flux the vapor deposition velocity must be multiplied by the difference in free-stream vapor concentration times a sealing factor (ratio of gas to wall temperature) and the concentration of saturated vapor at wall temperature. The free-stream vapor concentration changes from one location to another not only because of (minor) changes in gas temperature and flow area and depletion due to wall deposition but also (major) gas phase nucleation/condensation processes. Thus, in order to estimate the vapor deposition flux, gas phase nucleation calculation must he conducted simultaneously.
CONCLUSIONS
Mechanistic models have been developed for particle and vapor deposition on the blades of coalfired gas turbines. The particle deposition models include the simultaneous contribution of Brownian and turbulent diffusion, thermophoresis, eddy impaction, and inertial impingement. The diffusive mechanisms have been validated against experimental data for low-speed cascade flow and particle-laden flow through pipes. The inertial deposition treatment is shown to collapse to the well-known expression for particle capture in a flow turning around a bend.
A sample application has been made to the first-stage stator of a commercial-size gas turbine. As expected, Brownian diffusion is found to play a secondary role to thermophoresis even for a slight temperature difference between the gas and blade surfaces. On the suction side, the deposition velocity is found to decrease initally with particle size as is characteristic of thermophoretic transport, and attains a broad minimum at particle radius between 0.05 to 0.1 pm. It increases subsequently with size as the primary mode changes to turbulent eddy impaction, reaches a maximum between 0.2 to 0.5 pm and drops off because of the inability of the larger particles to respond to turbulent fluctuations. On the pressure side, the deposition velocity of the small particles transported by thermophoresis decreases with size, attains a plateau as the falling thermophoresis is balanced by rising inertial impaction, and increases sharply for particles larger than 0.1 pm radius whose deposition is governed by the inertial impaction mode.
If the turbine inlet temperature is greater than the dew point of alkali sulfates, they may be present as vapor and transported to the blade surface. The vapor deposition velocity may be estimated by invoking modified Chilton-Colburn analogy. The calculated deposition velocity must be multiplied by the difference in partial pressure and saturation pressure at wall temperature (and divided by RT) in order to obtain the vapor deposition flux. No vapor deposition can occur until the surface is cooled below the dew point temperature. On the other hand, for a highly cooled surface (e.g., water-cooled blades) the possibility of boundary layer nucleation arises falsifying the analogy with heat transfer. Simple scaling laws have been derived to demonstrate that both homogeneous and heterogeneous nucleation fluxes have square dependence on boundary layer thickness (1-5 mm for gas turbines), and regions have been mapped out where these effects may be important.
We emphasize that particle and vapor deposition rates are merely two terms in the population balance and associated equations [1] . Complete set of equations must be solved in order to determine the disposition of ash and alkali sulfates in a coalfired gas turbine. Also, what we have calculated so far are merely the arrival rates. Additional work remains and is being pursued to link the arrival rate with deposit buildup and resulting erosion, corrosion, and fouling of turbine blades. Comparison of thermophoretic deposition model against low-speed cascade data obtained by heating the blades as a means of impeding Brownian deposition [12] . Validation of turbulent eddy impaction model against fully developed pipe flow data [14] . Relative magnitude of homogeneous nucleation flux as a function of boundary layer thickness and surface temperature. Fig. 8 Relative magnitude of condensation flux as a function of boundary layer thickness, surface temperature and seed particle radius. Y a is the concentration in ppm of seed particles providing condensation sites.
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Fig. 10
Particle deposition velocity on the pressure surface of stator blade. 
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